This letter reports a contact sensing method for dip-pen nanolithography which functions by monitoring the conductivity between the lithography probe and the substrate. Experimental results show that this method has high sensitivity and is suitable for dip-pen nanolithography applications with large probe arrays. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1592620͔ Dip-pen nanolithography ͑DPN͒ is a direct chemical patterning technology based on scanning probe microscopy ͑SPM͒. It is capable of generating sub-100 nm features using molecular diffusion of chemicals ͑''inks''͒ from a scanning probe tip to a writing surface. [1] [2] [3] [4] [5] [6] [7] The generic DPN process utilizes a single probe to perform the writing, which results in low writing speed. The overall writing speed can be significantly increased by developing DPN probe arrays to realize parallel writing. [8] [9] [10] [11] In order to implement parallel DPN processes, it is essential that the tips of all the probes in the array contact the writing surface simultaneously. The alignment is quite challenging due to small tolerances and large, high-density arrays. Current SPM instruments utilize a single laser beam to monitor the contact between a single scanning tip and the surface of interest. However, it would be tedious and prohibitively difficult to use the single laser to detect the contact states of multiple probes at once.
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In order to implement parallel DPN processes, it is essential that the tips of all the probes in the array contact the writing surface simultaneously. The alignment is quite challenging due to small tolerances and large, high-density arrays. Current SPM instruments utilize a single laser beam to monitor the contact between a single scanning tip and the surface of interest. However, it would be tedious and prohibitively difficult to use the single laser to detect the contact states of multiple probes at once.
In this letter, a contact sensing method is experimentally investigated, which is based on the detection of electrical continuity between a scanning tip and a writing surface ͑Fig. 1͒. It is conjectured that the electrical resistance between the probe tip ͑terminal A͒ and the writing surface ͑terminal B͒ serve as a sensitive indicator of physical contact. This method requires that both the scanning probe and the writing surface be partially or entirely conductive. In case the scanning probes are nonconductive, they can be coated with metal thin films running from the tip to the handle. If the writing surface is nonconductive, this method is still useful if electrically connected islands of conductive films can be formed on the writing surface.
We fabricated DPN probe arrays out of silicon nitride and utilized them to conduct the following experiments.
͑1͒ We characterized the electrical resistance as a function of the distance between the probes and the sample surface. The tip surface was not coated with ink adsorpants.
͑2͒ We coated the probes with 1-octadecanethiol ͑ODT͒, a common DPN ink chemical, and repeated the first experiment. This test is necessary since contact-sensing probes might be coated with chemicals accidentally or intentionally.
͑3͒ We demonstrated that parallel DPN writing with multiple probes can be successfully performed using the contact sensing method proposed in this letter.
We conducted the experiments using a ThermalMicroscope M5 atomic force microscope ͑Fig. 2͒. The environmental temperature and relative humidity were maintained at 24°C and 40%, respectively. The contact sensing probe was mounted on the XY Z scan head and driven to within several micrometers above the sample surface. After that, the gap between the probe and the sample surface was carefully adjusted using the piezoelectric scanning tube with a moving speed of approximately 30 nm/s. A charge coupled device microscopic camera was used to visually observe the movement of the probe. It should be noted that the camera cannot provide sufficient resolution and field of view to discern actual tip contact events.
In our experiments, a dc bias voltage (V cc ) was applied between the probe and the sample surface. A 15 M⍀ series resistor (R) was used to limit the current density at the contact point. The voltage drop between the probe and the sample surface (V 0 ) was measured using a multimeter, which has an input impedance of 10 M⍀. In this case, V 0 equals to 40% of V cc when the contact is open and drops to almost 0 V when a contact is made. Thus, changes in the contact resistance can be monitored by measuring the voltage drop (V 0 ). APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 3 21 JULY 2003 probe is composed of a cantilever beam made of silicon nitride film ͑900 nm thick͒ and gold film ͑200 nm thick͒. The fabrication process has been discussed in the past. 9 The distance between neighboring tips is 100 m. The length and width of each probe shank are 300 and 80 m, respectively. The effective force constant of the composite probe was analytically estimated to be approximately 0.17 N/m. The radius of curvature of the tips is approximately 1.2 m. The sample was a 250-m-thick silicon wafer coated with 30-nm-thick evaporated gold film.
In the first experiment, we measured the voltage drop (V 0 ) as a function of distance. The output characteristics of each probe in the array were tested separately and the testing was repeated ten times for each probe. Before the testing, V 0 was set to 62.5 mV. We found that ͑1͒ the contact-sensing test could be repeated many times for each probe, indicating the gold film at contact point was not damaged and ͑2͒ the signal/noise ratio was high enough to clearly indicate the contact event. The bias voltage V 0 may be further optimized or lowered. However, this is beyond the scope of this letter. Figure 4 shows the testing result of a representative probe, probe 1. As the tip approaches the sample surface, V 0 drops from 62.5 mV to 0 V within a distance of 15 nm. This voltage drop corresponds to the electrical grounding of the tip due to physical contact with the sample surface. This result indicates that the contact sensing method has a sensitivity of at least 15 nm, which is adequate for DPN applications. As the tip is withdrawn from the sample surface, the voltage output rises from 0 back to 62.5 mV at a different displacement value. We believe that this hysteresis is caused by the meniscus that forms between the tip and substrate surface from environmental humidity. During the approaching, the meniscus has not formed when physical contact is made. After contact, a water meniscus forms and contributes surface tension and Laplace pressure adhesive forces. During the withdrawal, the piezoscanning tube must retract an additional distance before the spring force overcomes the additional adhesion. However, the investigation of the hysteresis is not a major concern at this stage since only the transition occurring during the tip's approach process ͑not withdrawal͒ is critical.
Next, the second experiment was conducted to determine electrical contact characteristics in the presence of ODT. Before testing, all of the probes were thoroughly cleaned using oxygen plasma and then vapor coated with ODT for 1 h. Figure 5 shows the testing result of probe 1. We found that if the bias is lower than a certain threshold value ͑correspond-ing to V 0 Ͻ3 V), the output remains constant even when the probe was fully in contact with the sample surface ͑based on visual inspection͒. However, if the bias is initially set higher than the threshold voltage, V 0 changes in the same way as in the first experiment. Figure 5 also shows that the hysteresis became smaller when the probes were coated with ODT. We believe that this is due to reduced surface adhesion at the presence of ODT.
The threshold voltage was further characterized using a semiconductor I -V curve tracer. The probes were cleaned with oxygen plasma and recoated with ODT using the same procedure. We pressed a probe into full contact with the sample surface under zero bias voltage (V cc ϭ0 V). We gradually increased the bias voltage while recording the voltage drop (V 0 ) simultaneously. As is shown in Fig. 6 , V 0 first increases linearly with V cc , which shows that although the probe is in contact with the sample surface, it is still electrically insulated from the sample surface by the ODT film. However, when V cc is increased to 6.8 V, V 0 begins to drop until it becomes almost zero when V cc reaches 7.6 V. This indicates that the ODT coating has a breakdown voltage of about 2.96 V, which matches the result obtained in the previous test.
The application of the contact sensing method in DPN applications was demonstrated using a one-dimensional silicon nitride probe array similar to the one shown in Fig. 3 , except that only probe 1, 5, 6, and 10 have patterned metal leads. The probes on the two ends of the array, probe 1 and 10, served as contact sensors, while the remaining eight probes were used for DPN writing. The writing surface is a 30-nm-thick gold film on a silicon substrate.
The probe array was vapor coated with ODT using the same procedure. A bias voltage ͑3.5 V͒ sufficient to induce ODT breakdown was applied on probes 1 and 10 for contact sensing. The alignment of the probe array was adjusted such that the output voltages on probes 1 and 10 dropped to zero almost simultaneously when the probes are lowered. The probe array was then moved through an ''8'' pattern. The writing sequence and the lateral force microscopic images of ODT patterns made by probes 2-9 are shown in Fig. 7 . The fact that all eight DPN tips produce patterns simultaneously indicates that this contact-sensing strategy is effective. The patterns produced by the six probes without gold coating have a line width ranging from 90 to 240 nm. However, the two gold-coated probes ͑probes 5 and 6͒ generated much wider lines ͑650 and 940 nm, respectively͒, possibly due to enlarged tip radius and different surface chemistry conditions. This phenomenon will be further investigated in the future.
In summary, a contact sensing method for DPN with large probe arrays has been investigated. Probes with such contact sensing capabilities are easy to fabricate and implement. Contact sensing probes can be deployed in specific locations in DPN probe arrays to provide sensitive and reliable contact detection. 
